ABSTRACT A fluid model of the magnetized sheath has been built using ion motion equation, ion continuity equation, Poisson's equation, and Boltzmann's relationship of electron for plasma-based low-energy ion implantation (PBLEII) inner surface modification of a tube. Along the central axis from the middle piece to the end, the maximum ion impact energy decreases from 1600 to 400 eV, the maximum ion impact angle increases from 7 • to 60 • , and an implantation dose peak of about twice as much as other place appears near the nozzle. The implantation dose just can compensate for the ion impact energy and angle because the mass transfer mechanism of PBLEII is thermal diffusion and low-energy ion implantation. The uniformity of the modification effect is acceptable along the axial direction of the tube.
I. INTRODUCTION
Plasma-based low-energy ion implantation (PBLEII) [1] , [2] proceeded from conventional plasma immersion ion implantation (PIII) [3] - [7] and low energy ion beam implantation [8] , [9] , based on a high-density plasma source with a low pulsed bias. A lot of experimental results have shown that the PBLEII has a significant effect on improving the surface corrosion resistance, hardness and wear property of metal materials [10] - [13] . Because the pulsed negative bias accelerates the ions from a plasma source is of −0.4 -−3 kV in the PBLEII process, the PBLEII process has the specific advantages over PIII for the inner surface modification of the components with complex shape, such as tubes with small diameter. In the inner surface modification process of PBLEII for a tube, the evolution of the sheath similarly plays a crucial role just like the PIII [14] - [19] . And a high density plasma source by electron cyclotron resonance (ECR) microwave is necessary in the PBLEII process in order to obtain sufficient ion implantation dose, external magnetic field is unavoidable and its effect cannot be ignored [20] , [21] . Therefore the researches have important significance about sheath evolution and ion implantation parameters under magnetic field. In this paper, a fluid model of the magnetized sheath has been built using ion motion equation, ion continuity equation,
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Poisson's equation, and Boltzmann's relationship of electron, to numerically study the kinetic behavior of ions in the PBLEII inner surface modification process for a tube. The implantation dose just can compensate for the ion impact energy and angle because the mass transfer mechanism of PBLEII is thermal diffusion and low-energy ion implantation. The uniformity of modification effect is acceptable along the axial direction of the tube. These can hardly be realized by conventional PIII process, for the low energy and large angle of implanted ions near the end of tube reduce the thickness of the modification layer.
II. THEORETICAL MODEL A. FLUID MODEL OF MAGNETIZED SHEATH
The schematic diagram of the PBLEII inner surface modification of a tube is shown in Fig. 1 . A high density plasma source with radius r a and the tube with inside radius r b are coaxially placed in a vacuum chamber. There are an exciting coil and a heating device outside of the tube. In the PBLEII process, the ion energy ranges from 0.4 to 3 keV, the process temperature is kept at 150-500 • C, which insures the mass transfer mechanism of PBLEII is thermal diffusion and lowenergy ion implantation.
The geometric coordinates used for simulation is a cylindrical coordinate and also shown in Fig. 1 . The z axis of the cylindrical coordinate is along the axis of tube. The magnetic field is assumed to be uniform along the z axis in the tube by the exciting coil. For the relatively high pulsed bias is applied on the target, the effect of magnetic field on the electrons during sheath expansion can be ignored, namely the electrons are assumed to be Boltzmann distribution. The magnetic field can only affect the ions in the sheath which are assumed as fluid, the ions dynamic behavior is described by the following ion continuity equation, ion motion equation and Poisson's equation.
Here we assume that there is only one kind of positive ion, namely nitrogen molecular ion in the plasma. In the above equations, n i is ion density, v is ion velocity, t is time, e is electron charge, M i is ion mass, φ is potential within the sheath, B is magnetic strength, n 0 is plasma source density, ε 0 is permittivity of vacuum, T e is electron temperature in eV. F c is collision drag force, the mathematical form is as follows [22] 
where, γ = |v|/λ i is the collision rate between ion and neutral molecule, λ i = 1/(n g σ m ) is mean free path, n g is background gas density, σ m is the momentum transfer crosssection between ion and neutral molecule. Due to the existence of axial uniform magnetic field, ions in the sheath will undergo the Lorentz force produced by magnetic field besides the electric field force, and the evolution of the sheath is axial symmetry, so the sheath characteristic is only dependent on the radial and axial directions and can be described by two dimensional fluid model. The mathematical description is as follows
B. CALCULATION CONDITIONS
The numerical simulation is carried out in the shaded area in Fig. 1 . The simulated area is 10.0 cm along the positive direction of the z axis and 6.0 cm inside the tube. r b is 6.0 cm. The finite difference method is used to solve the non-linear equations set (5) numerically under 0.1 T magnetic field, to study the sheath evolution for the PBLEII inner surface modification of the tube. In the simulation, the typical parameters are set as: outside radius of the plasma source r a = 2 cm, density of plasma produced by central microwave plasma source n 0 = 1.0 × 10 10 ions/cm 3 , which is uniform before the pulsed bias is applied onto the tube, electron temperature T e = 8 eV, the steady value of trapeziform pulse voltage φ p is −2 kV, and both the rising and falling time are 1.0 µs. The pulse width t is 10 µs, repetition rate f is 2 × 10 2 Hz. The background processing pressure is 0.01 Pa, the tube is made of steel. The ion-neutral momentum transfer cross-section σ m is fitted by the experimental date [23] (6) where, ε is the energy of a nitrogen molecular ion in eV.
In the practical application of inner surface modification a tube by PBLEII, the length of the tube is smaller than the central ECR microwave plasma source and magnetic field coil, as shown in figure 1 . Therefore, the plasma can be uniformly distributed in the entire vacuum chamber. After calculation, the sheath layer on the inner surface of the tube will not extend beyond the area 4 cm away from the end of the tube. The boundary conditions of the computational model in the numerical simulation area are as follows:
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where φ t is the pulsed bias applied on the target. During the calculation, the boundary of sheath is where the ratio of φ t to φ p is 10 −4 , the time step and space step are 0.05 ns and 0.008 cm respectively.
III. CALCULATION RESULTS AND DISCUSSION

A. ION IMPACT ENERGY AND ION IMPACT ANGLE
The variation of ion impact energy on the inner surface is studied, the ion impact energy is characterized by the square of normalized radial impact velocity v r . Fig. 2 gives the distribution of ion impact energy along z axis from 0 cm to 6.0 cm in one pulse. The distribution of ion impact energy near the vicinity at the ends of the tube is lower than the other place due to the sheath deformation. The maximum ion impact energy is 400 eV at the ends of the tube, and as the position away from the ends the ion impact energy increased gradually, and nearly no change when the position is over 2.0 cm from the ends, where the maximum ion impact energy is about 1600 eV. The ion impact angle is another important parameter which can influence the modification effect. The ion impact angle is the angle between the direction of ion impact velocity and the normal direction of the inner surface at the impact point. Fig. 3 shows the distribution of ion impact angle along z axial from 0 to 6.0 cm in one pulse. The special shaped sheath near the end of the tube result in large impact angle of most ions. At the ends of the tube, the maximum impact angle is about 60 • , but the ion impact angle decreases rapidly towards the inside of the tube. At the position 4.0 cm the maximum impact angle is smaller than 10 • , and in the area from 0 to 2.2 cm the maximum ion impact angle kept as 7 • . This is due to the ions obtained tangential speed by Lorentz force under 0.1 T magnetic field. Fig. 4 shows the ion tangential impact velocity along z axis in one pulse. The ions which have larger radial speed will be affected more significantly by the magnetic field, so the tangential implantation speed of the ions increases as far away from the ends, the value is 3.51 × 10 3 m/s near the ends and kept as 1.17 × 10 4 m/s inside the tube, and the maximum ion impact angle is kept as 7 • on the areas far away from the ends of the tube.
B. ION IMPLANTATION DOSE
Ion implantation dose is an important parameter which can affect the modification effect. It is assumed that all impact ions on the inner surface are valid for the implantation dose in one pulse. Ion implantation flux directly determines the ion implantation dose. Fig. 5 gives the ion implantation current density in one pulse-on time along z axis. It shows that the current density reaches a maximum and decreases to a stable value rapidly at the start of the pulse. The current density does not change significantly along z axis, there is only a small peak near the nozzle. The peak area just corresponds to the maximum area of the ion impact angle. This is due to the focusing effect caused by the ion impact angle.
To further study the distribution of implantation dose along axis, the time when the implantation dose attained the threshold value of 10 17 ions/cm 2 along axis is given by Fig. 6 . For the modification of metal surface by the nitrogen ionimplantation, the dose has to achieve 10 17 ions/cm 2 to obtain the significant modification effect [24] , so during the simulation the threshold of 10 17 ions/cm 2 implantation dose is assumed. Besides, assuming that all impact ions on the inner surface are valid for the implantation dose in pulse-on time while cannot be implanted during pulse-off time, and the pulse-off time is long enough for the plasma to return to its original state at the start of the pulse. Fig. 6 shows that the necessary time to achieve the threshold is shorter than any other position, which is similar with the results of PIII inner surface modification [25] , [26] , means that the external magnetic field of about 0.1 T required by the PBLEII technique had no disadvantageous effect on the inner surface modification process. The necessary time to achieve the threshold is 3.1 hr at the ion flux peak, 5.7 hr at the ends of the tube and 5.0 hr far away from the ends. It can be seen that there is no significant difference of the necessary time to achieve the threshold along the axis. The simulation results show that the ion impact energy is low and the ion impact angle is large in the 2 cm region along z axis near the nozzle, but the implantation dose is sufficient in this area. Because the mass transfer mechanism of PBLEII is thermal diffusion and low-energy ion implantation, the ion implantation dose determines the modification effect, which means that the uniformity of modification effect is acceptable along the axial direction of the tube, although the ion impact energy is lower and the ion impact angle is larger near the nozzle.
Compared with the modification process of inner surface by the conventional PIII [27] - [29] , the loss of electrical energy is greatly reduced because the high pulsed bias is replaced by the low pulsed bias onto the target, the X-ray radiation produced by secondary electron emission due to high voltage can also be avoided.
IV. CONCLUSION
A fluid model of the magnetized sheath is used successfully to numerically study the PBLEII inner surface modification of a tube, for expanding the industrial application of the PBLEII technique. The calculated results showed the following conclusions:
• The ion implantation parameters calculated are not uniform along the central axis. The maximum ion impact energy decreased from 1600 eV to 400 eV, the maximum ion impact angle increased from 7 • to 60 • , from the middle piece to the ends of the tube.
• An implantation dose peak of about twice as much as other place appeared near the ends of the tube. Even so, the uniformity of modification effect is acceptable along the axial direction of the tube. The implantation dose just can compensate for the ion impact energy and angle because the mass transfer mechanism of PBLEII is thermal diffusion and low-energy ion implantation.
